RNA interference (RNAi) represents a promising strategy for identification and validation of putative therapeutic targets and for treatment of a myriad of important human diseases including cancer. However, the effective systemic in vivo delivery of small interfering RNA (siRNA) to tumors remains a formidable challenge. Using a robust self-assembly strategy, we develop a unique nanoparticle (NP) platform composed of a solid polymer/cationic lipid hybrid core and a lipid-poly(ethylene glycol) (lipid-PEG) shell for systemic siRNA delivery. The new generation lipid-polymer hybrid NPs are small and uniform, and can efficiently encapsulate siRNA and control its sustained release. They exhibit long blood circulation (t 1/2 ∼8 h), high tumor accumulation, effective gene silencing, and negligible in vivo side effects. With this RNAi NP, we delineate and validate the therapeutic role of Prohibitin1 (PHB1), a target protein that has not been systemically evaluated in vivo due to the lack of specific and effective inhibitors, in treating non-small cell lung cancer (NSCLC) as evidenced by the drastic inhibition of tumor growth upon PHB1 silencing. Human tissue microarray analysis also reveals that high PHB1 tumor expression is associated with poorer overall survival in patients with NSCLC, further suggesting PHB1 as a therapeutic target. We expect this long-circulating RNAi NP platform to be of high interest for validating potential cancer targets in vivo and for the development of new cancer therapies.
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siRNA delivery | nanoparticle | Prohibitin1 | non-small cell lung cancer W ith the capability to silence any gene of interest, RNA interference (RNAi) technology has demonstrated enormous potential in medical research and applications (1, 2) . RNAi-mediated gene silencing has revealed the functionality of specific genetic alterations in cancers (3) (4) (5) . Many of these genes and pathways are considered "undruggable" targets or require complex and time-consuming development of effective inhibitors. The ubiquitous application of RNAi in cancer research and therapy is nevertheless hindered by the challenge of effective systemic in vivo delivery of siRNA to tumors, which requires overcoming of multiple physiological barriers, such as enzymatic degradation, rapid elimination by renal excretion or by the mononuclear phagocyte system (MPS), and poor cellular uptake and endosomal escape (2, 6, 7) . To this end, a great number of cationic lipid/polymer-based nanoparticles (NPs) have been developed to protect siRNA from serum nucleases and facilitate its cytosolic delivery (8) . Surface PEGylation has also been applied extensively to improve NP stability and reduce MPS recognition (9, 10) . Several RNAi nanotherapeutics are now in clinical trial in cancer patients. However, the clinical stage anticancer RNAi NPs have shown relatively rapid clearance in blood (11, 12) , which may reduce their extravasation into tumor tissue through the enhanced permeability and retention (EPR) effect (13) . This could result in decreased in vivo silencing efficacy and consequently limit potential clinical impact.
Here we report the development of a long-circulating RNAi NP platform for exploring and validating PHB1 as a potential new therapeutic target in NSCLC treatment. This lipid-polymer hybrid small interfering RNA (siRNA) NP (Fig. 1A) is rationally developed through a robust self-assembly approach, and has a unique nanostructure comprising a cationic lipid/siRNA complexcontaining poly(D,L-lactide-co-glycolide) (PLGA) polymer core and a lecithin/lipid-PEG shell. Unlike previous lipid-polymer hybrid RNAi NPs formulated by the double emulsion and solvent evaporation techniques (14-18), our self-assembled hybrid NP is much smaller (≤100 nm) and exhibits promising in vivo features for systemic siRNA delivery, including long circulation, high tumor accumulation, effective gene silencing, and modest side Significance This study developed a new generation lipid-polymer hybrid nanoparticle platform for effective systemic delivery of small interfering RNA (siRNA) to tumors, which represents a challenging hurdle for the widespread application of RNA interference (RNAi) in cancer research and therapy. With promising in vivo features such as long blood circulation, high tumor accumulation, and effective gene silencing, the hybrid siRNA nanoparticles were successfully used to reveal and validate a putative therapeutic target, Prohibitin1 (PHB1), in non-small cell lung cancer treatment. In vivo antitumor efficacy results and human tissue microarray analysis further suggested the feasibility of utilizing PHB1 siRNA nanoparticles as a novel therapeutic agent. This hybrid RNAi nanoparticle platform may serve as a valuable tool for validating potential cancer targets and developing new cancer therapies.
effects. We also reveal that the cationic lipid component and the surface lipid-PEG have a critical role in controlling gene silencing efficacy and pharmacokinetics (PK) of the new generation hybrid NPs. After systematic investigation and screening, this siRNA NP is successfully applied to define the role of PHB1 as a potential cancer target. Although proposed to modulate tumor cell proliferation and chemoresistance (19) (20) (21) , systemic in vivo validation of PHB1 for cancer treatment remains elusive. In this work, we demonstrate antitumor activity following systemic delivery of PHB1 siRNA and propose this approach as a novel therapeutic modality for NSCLC treatment.
Results
A Robust Self-Assembly Strategy for NP Formulation. As illustrated in Fig. 1A , the lipid-polymer hybrid NPs are self-assembled together with siRNA through a simple two-step approach. Aqueous siRNA was first mixed with the acetone solution containing cationic lipids (or lipid-like compounds) and PLGA polymer in a 1:20 volume ratio. With water rapidly and homogeneously dispersing in acetone, the negatively charged siRNA molecules spontaneously assembled with cationic lipids (e.g., G0-C14) into small nanocomplexes with a size of ∼26 nm (Fig. 1B) . It is worth noting that acetone has no effect on the integrity and bioactivity of siRNA (SI Appendix, Fig. S1 ). By adding the acetone solution to a rapidly mixing, bulk aqueous solution of lecithin and lipid-PEG, the PLGA polymer and cationic lipid/ siRNA complex were co-nanoprecipitated to form a solid NP core surrounded by a lecithin/lipid-PEG shell.
Different cationic lipids/lipid-like compounds were tested for NP formulation and were demonstrated to have an influence on the particle size, siRNA encapsulation, and release kinetics (SI Appendix, Figs. S2 and S3). The lipid-like compounds are cationic molecules consisting of polar amine-containing hydrophilic head groups and nonpolar hydrophobic hydrocarbon tails, which were synthesized through the ring opening of epoxides by amine substrates (SI Appendix, Fig. S2 B and C) (22) . With G0-C14 as the cationic lipid component, the hybrid NP was ∼100 nm in size (Fig.  1B) , with siRNA encapsulation efficiency at ∼80% and a loading of ∼640 pmol siRNA/mg PLGA. Compared with traditional lipidpolymer hybrid RNAi NPs that were prepared by the double emulsion/solvent evaporation methods (14) (15) (16) (17) (18) , this self-assembled hybrid NP is much smaller and more uniform, and can be easily made, while retaining comparable siRNA encapsulation efficiency. In addition, the solid PLGA polymer core offers a more rigid and stable nanostructure that can better protect the encapsulated siRNA than the lipid-siRNA complex (lipoplex) structure (SI Appendix, Fig. S4A ). Stability tests showed that the siRNA within the NPs underwent no obvious degradation in serum within 24 h, whereas ∼70% siRNA degradation was observed in the lipoplexes.
NP-Mediated siRNA Delivery in Vitro. Firefly luciferase-expressed HeLa (Luc-HeLa) cells were used for optimizing and understanding the hybrid NP platform for siRNA delivery. As shown in the luciferase silencing experiments, the choice of cationic lipids (or lipid-like compounds) greatly influenced the silencing efficacy of the siRNA NPs (Fig. 1C) . A highly potent NP formulation was prepared with G0-C14, which is much more effective than the commercial transfection agent lipofectamine 2000 (Lipo2K). Nearly complete (>95%) luciferase silencing was obtained with 5-50 nM siRNA. No obvious cytotoxicity was observed under these conditions (SI Appendix, Fig. S4B ). Moreover, G0-C14 NPs could maintain luciferase silencing for a longer period relative to Lipo2K (Fig. 1D ). Over 90% silencing could still be retained 9 d after transfection with G0-C14 NPs (50 nM siRNA), whereas only ∼38% was silenced for Lipo2K under the same condition. In addition, the effect of N/P ratio, which was defined as the ratio of cationic amino groups (N) of G0-C14 to phosphate groups (P) of siRNA, was examined for optimal encapsulation and gene silencing with the use of a minimal amount of cationic lipids (SI Appendix, Fig. S4 C and D). The N/P ratio of 10 was selected for following NP formulations. We then studied the cellular internalization of G0-C14 NPs. Fluorophore DY547-labeled siRNA NPs, denoted as NP(DY547-siRNA), were incubated with Luc-HeLa cells in the presence of different endocytic inhibitors [5-N-ethyl-N-isoproamiloride (EIPA), filipin, or chlorpromazine (CPZ)], which represent three endocytic pathways: macropinocytosis and caveolae-and clathrin-mediated endocytosis, respectively. We observed a ∼50-65% reduction of uptake upon the treatment of EIPA, and ∼30-40% reduction upon CPZ, for G0-C14 NPs with either ceramide-PEG or 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)] (DSPE-PEG) on the surface (Fig. 1E) . This suggests the role of macropinocytosis and clathrin-mediated endocytosis in NP uptake. Moreover, these two pathways may, to some extent, function independently, as higher inhibition of uptake (∼80%) was observed when coincubating the two inhibitors (EIPA and CPZ) with NPs.
Effect of Lipid-PEG on Systemic siRNA Delivery. To evaluate the in vivo performance of these hybrid NPs for systemic siRNA delivery, we first examined the PK by injecting NP(DY647-siRNA) to healthy BALB/c mice via tail vein. The circulation profile of three different NP(DY647-siRNA) formulations, with ceramide-PEG5K, DSPE-PEG5K, or DSPE-PEG3K as the surface lipid-PEG, was measured and compared with that of naked DY647-siRNA. Fig. 2A shows naked siRNA was rapidly cleared from blood within 30 min. Ceramide-PEG5K NPs extended the circulation of siRNA with a half-life (t 1/2 ) of ∼30 min. More impressively, DSPE-PEG5K NPs exhibited a prolonged circulation t 1/2 of ∼8.1 h. The change of surface lipid-PEG to DSPE-PEG3K (t 1/2 ∼7.1 h) modestly altered the NP circulation profile. Both DSPE-PEG NPs demonstrated ∼100-fold greater measurement for area under the curve (AUC) than that of naked siRNA (SI Appendix, Fig. S5A ). To assess the NP biodistribution (BioD) and tumor accumulation, nude mice carrying human NSCLC NCI-H460 tumor were injected i.v. with NP(DY677-siRNA) or naked DY677-siRNA. Long-circulating DSPE-PEG5K NPs demonstrated high tumor accumulation in the xenograft, whereas ceramide-PEG5K NPs and naked siRNA exhibited low or negligible signal in tumor (Fig. 2B and SI Appendix, Fig. S5 ). Quantification analysis further showed a 10-fold higher accumulation of DSPE-PEG5K NPs per gram of tumor tissue than ceramide-PEG5K NPs (Fig. 2C) .
To explain the drastic difference in PK/BioD between DSPE-PEG and ceramide-PEG NPs, the effect of lipid-PEG on NP properties and performance was systematically studied. Through quantitative analysis of PEG molecules (23), both NPs carried a similar amount of lipid-PEG on the surface, with ∼9.5 weight% of PLGA polymer (SI Appendix, Fig. S6A ). We then measured the dissociation kinetics of lipid-PEG from NPs in the presence of serum albumin, which is abundant in blood and can bind with diacyl lipids (24) . Fig. 2D illustrated a much more rapid release of ceramide-PEG5K than DSPE-PEG5K from NPs. Owing to the dissociation of lipid-PEGs and exposure of PLGA/cationic lipid/ siRNA hybrid core, the NP surface charge (or zeta potential) also changed over time (Fig. 2E) . Both DSPE-PEG5K and ceramide-PEG5K NPs were relatively neutral initially. After incubation with albumin, the surface charge increased rapidly from 2.2 to 31.4 mV in 3 h for ceramide-PEG5K NPs, but gradually from −4.0 to 11.9 mV for DSPE-PEG5K NPs in 24 h. The trend of surface charge change is consistent with the lipid-PEG dissociation kinetics.
We next investigated the uptake kinetics of these two NPs in a mouse macrophage cell line. The ceramide-PEG5K NP displayed significantly faster uptake kinetics than the DSPE-PEG5K counterpart (Fig. 2F) , which may account for its much shorter residence life in blood. The effect of lipid-PEG on NP uptake by tumor cells was also tested (SI Appendix, Fig. S6 B and C) . Again, rapid cell uptake was seen with ceramide-PEG5K NPs after 1-h incubation, whereas DSPE-PEG5K NPs exhibited slow uptake within the first 6 h of incubation followed by accelerated internalization. This effect correlates with the lipid-PEG release profiles in Fig. 2D . It should be noted also that there is no substantial difference in endocytosis pathways for these two NPs (Fig. 1E) . The difference in uptake kinetics also affects gene silencing in tumor cells. Luciferase silencing was more effective after a 6-h incubation with ceramide-PEG NPs relative to DSPE-PEG NPs (SI Appendix, Fig. S6D ). When the incubation time was extended to 24 h, however, the two NPs exhibited comparable silencing efficacy.
In Vitro Validation of PHB1-Targeted NSCLC Treatment. Next, we examined whether the hybrid siRNA NP platform could be used to silence a potential therapeutic target in NSCLC cell lines. PHB1 is a 32-kDa protein found in organisms ranging from yeast to humans and has been implicated in aging, obesity, diabetes, cancer, and inflammatory diseases (25) (26) (27) . Up-regulation of PHB1 has been reported in cancers of the stomach, esophagus, urinary bladder, breast, prostate, lung, and others (25, 28) , and is also associated with drug resistance (21) . Nonetheless, the validity of PHB1 as a therapeutic target is not well established due to the absence of specific and effective PHB1 systemic inhibitors.
We first silenced PHB1 expression in NCI-H460 cells in vitro using the anti-PHB1 siRNA (siPHB1) hybrid NPs. Immunofluorescence staining illustrated that NP(siPHB1) successfully knocked down PHB1 by >90% (Fig. 3A) . By flow cytometry analysis, we found that PHB1 silencing induced apoptosis in vitro (Fig. 3B) . After 3 d, the frequency of apoptotic cells (Annexin-V positive) increased markedly to 50.4% in the NP(siPHB1) group compared with 10.9% of NP(siControl)-treated cells, along with an increase of early-stage apoptosis (Annexin-V positive and 7-ADD negative) from 2.28% to 13.4%. Western blot analysis showed that NP (siPHB1) dramatically reduced caspase-3 and -9 protein levels, and led to increased levels of catalytically active caspase-3 and cleaved poly(ADP ribose) polymerase (PARP) (Fig. 3C) , as well as a significant increase in caspase-3/7 activities (Fig. 3D) .
In cell proliferation analysis, NP(siPHB1) treatment for 6 h resulted in drastic inhibition of cell proliferation compared with NP(siControl) (Fig. 3E) . The cell number in the NP(siPHB1) group was only ∼4% of that in the control groups after 12 d. Similarly, in soft agar colony formation assay, NP(siPHB1)-treated cells formed much smaller and fewer colonies, indicating that PHB1 silencing reduced the ability of anchorage-independent growth of NSCLC (Fig. 3F) . To understand the underlying mechanism, we further explored whether PHB1 silencing affected mitochondrial structure, as PHB1 is reported to maintain mitochondrial integrity (29) . Seventy-two hours after short-term NP(siPHB1) transfection, we observed an absence of PHB1 protein and vesicular punctuated mitochondria structure, whereas NP(siControl)-treated cells exhibited a normal mitochondrial morphology (Fig. 3G) . Similar findings were also observed in a second NSCLC cell line, A549 (SI Appendix, Fig. S7 ).
In Vivo Therapeutic Efficacy and Safety Profile. For in vivo validation of PHB1-targeted cancer therapy, we first tested whether the NP(siPHB1) can silence PHB1 in tumor tissue after systemic administration. Immunocompromised mice bearing a s.c. NCI-H460 (human NSCLC) tumor xenograft were injected with NPs via tail vein for three consecutive days. Western blot analysis of tumor tissue showed that NP(siPHB1) induced ∼76% decrease in PHB1 expression relative to NP(siControl) (Fig. 4A and SI Appendix, Fig. S8A ), which greatly increased tumor cell apoptosis as confirmed by TUNEL staining (SI Appendix, Fig. S8B ). We then examined whether the NP-mediated PHB1 silencing had anti-tumor effect. Rapid tumor growth was observed in mice that received saline, naked siPHB1 or NP(siControl) (Fig. 4B) . In contrast, NP(siPHB1) treatment resulted in a significant suppression of tumor growth. The average tumor weight in the NP(siPHB1) group was ∼70% less at day 16, compared with others; and no obvious change in body weight was observed for all groups (SI Appendix, Fig. S8 C-E) .
To examine whether greater efficacy would result from combining NP(siPHB1) with known chemotherapeutics, we chose cisplatin, a drug commonly used in the treatment of NSCLC. When tested in vitro, the combination group showed enhanced cytotoxicity in A549 and NCI-H460 cells (Fig. 4C and SI Appendix, Fig. S9A ). The combinatorial apoptotic effect was confirmed in assays showing increased levels of cleaved caspase-3 and PARP (Fig. 3C ). In the in vivo experiments, mice bearing A549 tumor were treated with saline, NP(siPHB1), or NP(siControl) at an i.v. dose of 600 μg siRNA per kilogram per injection with or without cisplatin at an i.p. dose of 3 mg/kg/wk. The administration timeline for NP(siRNA) and cisplatin is shown in Fig. 4D . As can be seen, tumor growth was significantly inhibited by monotherapy with NP(siPHB1) (Fig. 4D and SI Appendix, Fig. S9 B-D) . More impressively, combination treatment with NP(siPHB1) and cisplatin nearly completely inhibited tumor growth during the treatment period. Moreover, mice that received the combination treatment survived over the entire 64-d duration (Fig. 4E) . These results suggest that effective PHB1 silencing by the long-circulating RNAi NPs represents a potential strategy for NSCLC treatment, which may be further combined with chemotherapeutics for even better antitumor efficacy.
In addition to therapeutic efficacy, we also evaluated in vivo side effects of the NP(siPHB1). After three i.v. injections, blood serum samples were obtained for hematological analysis, and the histopathology of different organs was evaluated. Multiple hematological parameters, including alanine aminotransferase (ALT), aspartate aminotransferase (AST), blood urine nitrogen (BUN), creatinine and Troponin-1, were in the normal range in all groups (SI Appendix, Fig. S10) . H&E staining results further demonstrated no noticeable histological change in the tissues from heart, liver, spleen, lung, and kidney between saline and NP(siPHB1) groups, indicating no organ toxicity (SI Appendix, Fig. S11 ).
To exclude the possibility that the antitumor effect of NP (siPHB1) might be confounded by siRNA-mediated immune stimulation (30, 31) , we studied the immunostimulatory effect of the NPs in immunocompetent mice. The results showed no obvious change of IL-12 level in serum for all groups (SI Appendix, Fig. S12 ). Serum levels of TNF-α and IL-6 were similarly increased for blank NP and NP(siPHB1) 6 h postinjection, suggesting that the cytokine responses may be attributed to NP itself rather than encapsulated siRNA. Both TNF-α and IL-6 concentrations in the two NP groups returned to the baseline level of saline group after 24 h. Note that the transient immune response was also observed in the clinical stage siRNA nanotherapeutics for cancer treatment (11, 12) .
PHB1 Expression in Patients with NSCLC.
To validate the relevance of PHB1 as a potential target in human NSCLC, we examined PHB1 levels in 465 patients with NSCLC (SI Appendix, Table S1 ). Immunohistochemical (IHC) staining intensity was quantified as negative, low, moderate, or high on a scale of 0-3 (SI Appendix, Figs. S13 and S14). In these specimens, PHB1 staining was predominantly cytoplasmic. We then analyzed the PHB1 expression using a score (0-300) calculated from staining intensity (0-3) multiplied by extension of expression (0-100%). High PHB1 was recorded when the score was higher than 50. Fig. 5A reveals that patients with NSCLC with high PHB1 tumor expression clearly demonstrate poorer overall survival (OS), relative to patients with low PHB1. Whereas the recurrence-free survival (RFS) is similar to OS, the difference is not statistically significant between the high-PHB1 and low-PHB1 cohorts when analyzed for all patients (Fig.  5B) . However, among patients with NSCLC with advanced disease stage III-IV, patients with high PHB1 expression have significantly worse OS and RFS compared with those expressing lower levels ( Fig. 5 C and D) . PHB1 levels do not differ demonstrably between NSCLC tumor type (adenocarcinoma vs. squamous cell carcinoma) and are not sex specific.
Discussion
The lack of systemic siRNA delivery vehicles with long circulating half-lives, effective tumor accumulation, and gene silencing represents a significant barrier for the widespread applications of RNAi in oncology. The new generation lipid-polymer hybrid NP platform developed herein has several unique features. In contrast to previously reported hybrid polymer NPs loaded with cationic lipid/polyamine-siRNA complexes (14) (15) (16) (17) (18) 32) , which are formulated by emulsion techniques and are relatively large, our robust self-assembly strategy leads to the synthesis of hybrid NPs with relatively small size (≤100 nm) and long circulation time (t 1/2 ∼8 h). Smaller NPs are considered to be more efficient in crossing leaky microvasculature and show higher tumor accumulation than larger NPs (33, 34) . Compared with siRNA lipoplexes, the solid polymer/cationic lipid core of our hybrid NPs can better protect siRNA from degradation and control its release kinetics for sustained gene silencing. Surprisingly, we noticed a change in the silencing efficacy of cationic lipids (or lipid-like compounds) after combining into the hybrid NPs. For example, the C12-114 lipid, which is ineffective for luciferase silencing in a lipoplex formulation (22) , can achieve ∼90% silencing in our NP system (Fig. 1C) . We therefore speculate that the hybrid NP system could be used to revisit previously abandoned cationic lipids or lipidlike compounds for siRNA delivery. Notably, the siRNA hybrid NPs can be kept at −80°C for at least 12 mo without causing obvious changes of particle size and silencing activity (SI Appendix, Fig. S15 ), suggesting another translationally promising feature of this NP platform.
An additional unique feature of the hybrid NPs is the dissociation of lipid-PEG molecules from the NP surface. PEGylation is widely used to minimize NP interaction with serum proteins, which can promote elimination of circulating NPs by the MPS (9, 10) . PEGylation may, however, also prevent the interaction of NPs with the target cell membrane and thus decrease their uptake by tumor cells. In our hybrid NP system, the lipid-PEGs that self-assembled on the particle surface by hydrophobic interaction with PLGA polymer, can detach from NPs in serum. The dissociation kinetics are controlled by the length and/or saturation of lipophilic tails (Fig. 2D) . In vivo results of PK, BioD, and efficacy suggest that slow de-PEGylation such as in the case of DSPE-PEG NPs may lead to more effective systemic delivery.
PHB1 has been proposed as a promising biomarker and potential therapeutic target for cancer prognosis (25, 28) and therapy (19, 20, 35) . Moreover, PHB1 has been associated with chemoresistance in NSCLC cells (21) . Our findings here show a significant correlation between high PHB1 expression and poor OS and RFS in patients with late-stage NSCLC. We further provide the first demonstration to our knowledge of tumor inhibition following systemic in vivo delivery of PHB1 siRNA. Our results verify that the RNAi hybrid NP system offers a means for rapid in vivo validation of potential cancer targets, particularly those considered undruggable. As the hybrid NPs can also simultaneously carry small molecular drugs (e.g., cisplatin prodrug) in the PLGA polymer core (15, 36) , the co-delivery of siRNA/drug combinations may present a therapeutic advantage in cancer treatment (37, 38) . In summary, we have rationally developed a distinctive lipid-polymer hybrid NP platform for effective systemic siRNA delivery, through a simple and robust self-assembly strategy, and expect that it provides a useful toolkit for both fundamental cancer research and clinical development of novel RNAi therapeutics.
Materials and Methods
Detailed materials and methods are provided in SI Appendix, SI Materials and Methods, including the synthesis of cationic lipid-like compounds; preparation and characterization of lipid-polymer hybrid NPs; a serum stability study; siRNA release kinetics; lipid-PEG dissociation kinetics and NP surface charge measurement; in vitro gene silencing; NP cellular uptake; immunofluorescent staining; cell proliferation and NP cytotoxicity; flow cytometry and Western blot analysis; animal studies; analysis of PHB1 tumor expression in patients with NSCLC; and statistics.
Animal protocol was approved by the Institutional Animal Care and Use Committee at Harvard Medical School. Utilization of human tissues was approved by the University of Texas MD Anderson Cancer Center Institutional Review Board.
